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Spinel  Li4TisOi2  has  been  considered  as  one  of  the  most  prospective  anode  materials  for  Li-ion  micro¬ 
batteries.  Homogeneous,  transparent  and  crack-free  Li4TisOi2  coatings  with  thickness  around  110  nm 
have  been  prepared  by  dipping  gold-coated  quartz  substrates  in  sols  prepared  using  titanium  isoprop- 
oxide  and  lithium  acetate.  The  influence  of  the  thermal  treatment  on  the  phase  composition,  structure 
and  electrochemical  behavior  was  studied.  Rutile  TiCh  (considered  as  an  impurity  in  this  study)  is  only 
detected  in  the  coatings  treated  at  700  °C.  XPS  and  TOF-SIMS  depth  profiles  show  a  homogeneous 
distribution,  with  a  Li  increase  and  Ti  reduction  at  the  surface.  Electrochemical  characterization  of 
samples  treated  at  600  °C  presents  a  redox  reaction  around  1.55  V  indicating  that  the  film  is  simple  phase 
of  Li4TisOi2.  The  shift  to  slightly  lower  voltage  in  samples  treated  at  700  °C  is  a  consequence  of  Rutile 
impurities.  Larger  capacity  and  good  reversibility  in  the  sample  heat-treated  at  600  °C  can  be  attributed 
to  high  crystallinity  of  Li4Ti50i2  and  phase  purity.  RBS  analysis  specifies  a  composition  close  to  Li4Ti50i2 
in  the  case  of  the  pristine  and  charged  samples,  and  Li7Ti50i2  for  the  discharged  sample.  Surface  XPS 
study  confirms  the  presence  of  an  outermost  layer  containing  LiF  and  Li2C03. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium  batteries  have  been  utilized  as  efficient 
energy  storage  devices  in  many  lightweight  electronic  appliances, 
cellular  phones  and  laptop  computers,  because  of  the  high  energy 
densities.  There  have  been  many  efforts  to  make  microscale  lithium 
batteries  for  various  application  fields  related  to  microsystems, 
such  as  microsensors,  micromechanics,  and  microelectronics  [1—5]. 
The  general  requirements  of  the  microbatteries  for  these  applica¬ 
tions  are  high  specific  energy,  wide  range  of  temperature  stability, 
low  self  discharge  rate  and  flexibility  of  cell  design  [6].  Thin  film 
Li-ion  batteries  fabricated  using  only  solid-state  materials  by 
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a  thin-film  process  are  very  beneficial  because  of  its  excellent 
safety  and  good  rechargeability  and  are  expected  to  fulfill  the 
requirements  above  [7]. 

Among  the  different  electrodes  used,  spinel  Li4Ti50i2  has  been 
considered  as  one  of  the  most  prospective  anode  materials  for 
Li-ion  batteries  because  of  its  excellent  reversibility  and  long 
cycle  life.  It  has  an  excellent  Li  ion  mobility  and  exhibits  almost  no 
structural  change  (zero-strain  insertion  material)  during  charge- 
discharge  cycling  [8-11].  Li-ion  intercalation  in  LUTisO^  occurs 
via  a  two-phase  coexistence  process,  resulting  in  a  very  stable 
(dis)charge  voltage  at  around  1.55  V  (vs.  Li/Li+).  During  the  (dis) 
charging  process  the  lithium  content  can  be  varied  for  LixTisOi2 
between  4  <  x  <  7,  resulting  in  a  maximum  theoretical  gravi¬ 
metric  capacity  of  175  mAh  g_1.  The  lattice  parameter  for  a  spinel 
unit  cell  (Li[Lii/3Ti5/3]04)s  is  8.36  A  [6,12]. 
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Sol— gel  route  synthesis  is  a  general  and  effective  method  for  the 
preparation  of  micro/nanostructured  materials  with  well 
controlled  morphology  and  structure.  However,  the  synthesis  of 
spinel  LUTisO^  using  the  sol-gel  method  has  been  mainly  focused 
on  the  preparation  of  particles  with  optimized  properties  to 
improve  electrochemical  performance  as  particle  size,  doping  with 
other  elements,  porosity,  etc.  In  this  case,  a  titanium  alkoxide  is 
usually  used  in  combination  with  the  following  lithium  salts: 
lithium  carbonate  [13],  lithium  acetate  [14-16]  or  lithium  nitrate 
[17].  Only  a  few  recent  publications  have  been  devoted  to  the  direct 
preparation  of  Li4Ti50i2  coatings  using  the  sol-gel  method,  and  the 
aim  now  is  to  increase  the  knowledge  of  the  material  as  a  layer  with 
the  idea  of  assembling  the  necessary  properties  of  stability,  ionic 
conductivity  and  electrical  conductivity  to  be  used  in  a  planar  all¬ 
solid-state  Li-ion  microbatteries.  In  these  devices,  the  electrolyte 
is  also  a  solid  layer  and  the  complete  cell  can  be  manufactured 
using  standard  coating  and  film  techniques  [18-21]. 

Our  previous  work  in  this  area  studied  mainly  the  influence  of 
the  Li/Ti  molar  ratio  on  the  phase  composition  and  structure  to 
obtain  almost  pure  spinel  LLfTisO^  thin  films  by  dipping  [22].  An 
excess  of  lithium  precursor  (Li/Ti  =  6/5)  with  respect  to  the  nominal 
composition  was  necessary  to  obtain  the  desired  objective.  Here, 
the  objective  is  to  study  the  influence  of  the  thermal  treatment  of 
coatings  (different  temperatures  and  times)  on  the  crystalline 
structure,  homogeneity  across  the  thickness  and  electrochemical 
behavior.  We  also  report  a  detailed  structural  analysis  of  material 
and  a  thorough  electrochemical  characterization. 

2.  Experimental 

The  solution  (atomic  ratio  Li/Ti  =  6/5)  was  prepared  using 
titanium  isopropoxide  (ABCR,  97%)  and  lithium  acetate  (Aldrich, 
99.99%)  as  precursors,  absolute  ethanol  (Panreac),  acetic  acid 
(Merck,  100%),  water  and  HC1.  Final  molar  ratios  of  Li:Ti:ethanol:- 
acetic  acid: water :HC1  were  6:5:120:10:13:0.1.  Lithium  acetate  was 
first  dissolved  in  alcohol  and  acetic  acid,  and  subsequently  titanium 
alkoxide,  water  and  HC1  were  incorporated  for  starting  the  sol-gel 
hydrolysis  and  condensation  reactions  by  stirring  at  room 
temperature  for  2  h  [22]. 

Viscosity  (Sine-wave  Vibro  Viscometer  SV-1A)  and  pH 
measurements  of  the  sol  were  performed  at  room  temperature. 
Quartz  substrates  were  used  to  assess  the  homogeneity  of  the 
coating  and  thickness  measurement;  silicon  substrates  for  X-ray 
measurements  and  gold  coated  (50  nm)  quartz  substrates, 
prepared  by  sputtering,  for  electrochemical  characterization.  One- 
layer  coatings  were  prepared  by  dipping  on  different  substrates 
using  a  withdrawal  rate  around  14  cm  min-1.  Thermal  treatments 
were  carried  out  at  500,  600  and  700  °C  and  two  treatment  times, 
one  and  four  hours. 

Spectral  Ellipsometric  measurements  were  performed  using 
a  Variable  Angle  Spectroscopic  Ellipsometer  (WVASE32, 
M-2000UTM,  J.A.  Co.,  Woollam)  to  characterize  thickness  (e)  and 
refractive  index  (n)  of  films  deposited  on  quartz  substrates.  The 
spectra  were  taken  in  the  visible  region,  between  250  and  900  nm 
at  a  variable  incident  angle  of  65,  70  and  75°.  The  data  were  fitted 
using  the  WVASE32  software  and  taking  into  account  a  Cauchy 
model.  Characterization  of  the  coatings  also  includes  analysis  of 
a  cross-section  of  coated  samples  performed  by  scanning  electron 
microscopy  (HITACHI  S-4700  field  emission).  The  crystal  structure 
of  coatings  was  characterized  by  Grazing  incidence  X-ray  diffrac¬ 
tion  (step:  0.040°  and  angle:  0.5°)  using  a  Siemens  D-5000. 

X-ray  photoelectron  spectroscopy  (XPS)  spectra  were  acquired 
on  a  K-Alpha  -  Thermo  Scientific  spectrometer  with  mono¬ 
chromatic  Al  Ka  X-ray  source  (1486.68  eV).  Compositional  depth 
profiling  of  the  coatings  was  obtained  to  evaluate  the  homogeneity 


Fig.  1.  Cross-section  SEM  micrograph  of  a  coated  sample  treated  at  600  °C  for  4  h. 


of  elements  distribution  through  the  coating.  Surface  chemical 
states  of  discharged  and  charged  coatings  on  gold-coated  quartz 
samples  treated  at  700  °C  for  4  h  were  also  studied  by  XPS  using  an 
Ar+  ion  source.  Elements  quantification  was  performed  using  the 
Shirley  method  for  complete  spectra  and  a  peak  fit  program 
(Advantage  4.6  Thermo)  for  Li  Is. 

Compositional  depth  profiling  of  the  three  different  samples: 
pristine,  discharged  and  charged  was  also  obtained  using  a  TOF- 
SIMS  5  spectrometer  (IonTof).  A  pulsed  25  keV  Bi+  primary  ion 
source  was  employed  for  analysis,  delivering  1.2  pA  of  target 
current  over  a  20.8  pm  x  20.8  pm  area.  Sputtering  was  done  using 
a  1  keV  Oxygen  beam  over  a  250  pm  x  250  pm  area.  Data  acqui¬ 
sition  and  post-processing  analyses  were  performed  using  the  Ion- 
Spec  software. 

The  composition  of  the  films  (pristine,  discharged  and  charged) 
was  also  analyzed  by  Rutherford  Backscattering  Spectrometry 
(RBS)  using  H+  ions  produced  by  the  van  de  Graff  accelerator  of  the 
Centro  de  Micro-Analisis  de  Materiales  (CMAM),  Madrid. 
7Li(oc,oco)7Li  resonance  at  2050  keV  was  used  to  measure  accurately 
the  Li  concentration.  The  incident  ion  beam  with  a  diameter  of 
1  mm  was  normal  to  the  specimen  surface  with  10  pC  doze  scat¬ 
tered  ions  detected  by  a  mobile  detector  at  165°.  Data  were  inter¬ 
preted  using  the  SIMNRA  program. 

Electrochemical  behavior  of  the  thin  films  prepared  on  Au/Quartz 
substrate  was  examined  by  a  three  electrode  beaker  cell  using  Li  as 
the  counter  and  reference  electrodes,  and  1  M  LiPF6/(EC-DEC)  as 
liquid  electrolyte. 
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Fig.  2.  Grazing  incidence  X-ray  of  coatings  treated  at  500,  600  and  700  °C  for  1  and  4  h. 
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3.  Results  and  discussion 

The  sol  is  transparent  without  the  presence  of  phase  separation 
or  precipitates  with  a  pH  of  6.3  and  viscosity  values,  just  after  the 
sol  synthesis,  between  2.5  and  2.8  mPa  s  for  a  temperature  range  of 
26-24  °C.  Viscosity  measurements  in  the  following  days  showed 
similar  values,  evidencing  the  absence  of  an  accelerated  aging  of 
the  sol. 

Homogeneous  and  transparent  coatings  were  prepared  on  the 
three  substrates.  Spectral  ellipsometry  measurements  indicate 
a  decreasing  thickness  with  the  increase  of  temperature  and 
treatment  time.  The  maximum  thickness,  120  nm,  was  obtained 
after  the  thermal  treatment  at  500  °C  for  1  h.  On  the  other  hand,  the 
lower  thickness  (95  nm)  was  achieved  with  the  heat  treatment  of 
700  °C  for  4  h.  The  cross-section  SEM  micrograph  of  a  coated 
sample  treated  at  600  °C  for  4  h  (Fig.  1)  presents  a  dense,  homo¬ 
geneous  and  well-bonded  layer.  The  thickness  of  the  coating  is 
around  100  nm,  in  accordance  with  ellipsometry  results. 

Fig.  2  shows  the  grazing  incidence  X-ray  results  of  coatings 
treated  at  500,  600  and  700  °C  for  one  and  four  hours.  All  the 
treatments  present  the  face-centered  cubic  spinel  LLfTisO^  (JCPDS 
#  49-0207),  although  with  greater  intensity  peaks  with  increasing 
the  heat  treatment  temperature.  Only  the  coatings  treated  at  700  °C 


Fig.  4.  TOF-SIMS  depth  profiles  of  the  coating  on  quartz  treated  at  600  °C  for  1  h. 


for  one  and  four  hours  show  the  presence  of  a  second  phase,  Rutile 
Ti02  (JCPDS  #  21-1276). 

XPS  depth  profiles  of  the  coating  on  quartz  treated  at  600  °C  for 
1  h  (Fig.  3)  show  a  homogeneous  distribution  of  Si,  O,  Ti  y  Li,  which 
implies  that  experimental  procedure  (synthesis  and  thermal 
treatment  of  coatings)  has  been  accurately  performed.  It  can  be 
observed  an  increase  of  lithium  content  together  with  a  reduction 
of  titanium  concentration  at  the  surface.  This  behavior  can  be 
associated  with  usual  lithium  diffusion,  enhanced  by  the  lithium 
excess  used  in  the  synthesis  of  the  sol.  Considering  the  values  of 


Fig.  6.  Charge-discharge  curves  of  coatings  treated  at  600  °C  for  4  h  (A)  and  700  °C 
for  4  h  (B). 
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Fig.  7.  RBS  spectrum  and  simulation  for  the  pristine  (A),  charged  (B)  and  discharged 
(C)  coatings  treated  at  700  °C  for  4  h.  The  black  solid  line  corresponds  to  the  complete 
simulation,  while  the  colored  solid  lines  to  the  partial  elemental  spectra  simulations. 
(For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred 
to  the  web  version  of  this  article.) 


atomic  percentages  in  the  bulk  of  the  coating,  a  composition  close 
to  the  theoretical  (Li4Ti50i2),  except  for  the  lithium  excess  from  the 
preparation  of  the  sol,  is  obtained.  Fig.  4  shows  the  TOF-SIMS  depth 
profiles  of  the  same  coating,  where  also  a  very  homogeneous 
elements  distribution  and  the  interface  between  coating  and  quartz 
substrate  can  be  observed.  Again,  it  is  possible  to  observe  a  higher  Li 
and  lower  Ti  concentrations  at  the  surface,  although  a  more 
meticulous  analysis  is  necessary.  RBS  and  XPS  surface  analysis  of 
pristine,  charged  and  discharged  coatings  are  presented  later. 

The  electrochemical  properties  of  the  films  were  evaluated  with 
cyclic  voltammogram  (CV).  As  a  typical  result,  CV  of  the  thin  film 
heat-treated  at  600  °C  for  4  h  is  presented  in  Fig.  5.  One  anodic  and 
cathodic  sharp  peak  is  observed  in  the  thin  film,  indicating  that  the 
film  is  simple  phase  of  LLfTisO^  which  shows  good  reversible  redox 
reactions.  The  pair  of  redox  reaction  peaks  located  between  1.5  and 
1.6  V  is  characteristic  of  electrochemical  lithium  insertion/extrac¬ 
tion  of  Li4Ti50i2  [23].  Fig.  6  shows  the  charge— discharge  curves  of 
a  cell  using  the  Li4Ti50i2  thin  films  prepared  on  Au/Quartz  substrate 
and  heat-treated  at  600  °C  for  4  h  and  700  °C  for  4  h,  up  to  the  10th 
cycle.  The  current  density  employed  in  the  present  study  was 
0.05  mA  cm-2.  The  cell  was  discharged  to  1.0  V,  and  then  charged 
and  discharged  between  2.0  V  and  1.0  V.  In  the  charge/discharge 
processes,  typical  plateau  at  around  1.55  V  (vs.  Li+/Li)  was  observed 
for  the  sample  treated  at  600  °C,  which  is  in  agreement  with  the 
potentials  showed  in  the  cyclic  voltammogram.  A  slightly  lower 
voltage  (1.50  V  (vs.  Li+/Li))  was  obtained  with  samples  treated  at 
700  °C  because  of  the  presence  of  rutile  impurities.  This  result  is 
a  voltage  profile  characteristic  of  a  mixed  phase.  Rather  large  irre¬ 
versible  capacity  was  observed  at  the  first  cycle  for  both  samples 
heat-treated  at  600  and  700  °C.  The  reason  for  the  large  irreversible 
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Fig.  8.  TOF-SIMS  depth  profiles  of  the  charged  (A)  and  discharged  (B)  coatings  treated 
at  700  °C  for  4  h. 
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capacity  is  not  clear,  but  may  be  due  to  the  growth  of  a  surface  layer 
on  the  film  surface  [23].  In  the  thin  film  heat-treated  at  600  °C  for 
4  h,  the  cell  showed  good  cycling  performance  from  2  to  10  cycles. 
In  contrast,  the  cell  with  thin  film  heat-treated  at  700  °C  shows 
a  decrease  in  the  discharge  capacity  during  the  charge/discharge 
cycling.  The  discharge  capacity  for  the  film  heat-treated  at  600  °C 
4  h  is  larger  than  that  of  the  film  heat-treated  at  700  °C  4  h.  As 
shown  in  the  XRD  results,  precipitation  of  Ti02  was  observed  for 
the  thin  film  heat-treated  at  700  °C.  Thus,  larger  capacity  and  good 
reversibility  in  the  sample  heat-treated  at  600  °C  can  be  attributed 
to  high  crystallinity  of  Li4Ti50i2  and  phase  purity  of  the  film. 

Fig.  7  shows  RBS  spectrum  and  simulation  (total  and  partial 
elemental  spectra)  for  the  pristine,  charged  and  discharged  coat¬ 
ings  treated  at  700  °C  for  4  h.  First,  it  was  considered  a  single  layer 
coating  of  lithium  titanium  oxide  on  the  gold  layer  over  the  quartz 
substrate  for  the  three  samples.  Flowever,  it  was  necessary  to 
incorporate  an  outermost  thin  layer  in  the  simulation  to  adjust 


Binding  Energy  (eY) 


properly  the  total  spectrum.  This  thin  layer  in  the  pristine  and 
charged  samples  mainly  show  Li  and  O  with  a  small  amount  of  Ti, 
while  the  discharged  sample  also  presents  a  considerable  amount 
of  F  due  to  the  electrolyte  diffusion  during  the  electrochemical 
characterization.  The  second  and  main  layer  (lithium  titanium 
oxide)  has  a  composition  close  to  Li4Ti50i2  in  the  case  of  the  pris¬ 
tine  and  charged  samples.  The  discharged  sample  has  an  excess  of 
lithium  in  this  layer,  as  shown  by  the  greater  peak  appearing 
around  425  value  (X  axis),  which  approximates  to  the  theoretical 
composition  of  LiyTisO^.  Again,  this  second  layer  for  the  discharged 
sample  shows  a  significant  amount  of  F  that  can  be  explained  by  the 
residual  porosity  of  the  coating  and  the  dragging  effect  of  Li  ions 
during  insertion  into  the  structure. 

The  presence  of  the  outermost  thin  layer  with  a  high  Li  and  O 
contents  was  also  previously  observed  in  the  XPS  and  TOF-SIMS 
depth  profiles  of  pristine  samples.  TOF-SIMS  depth  profiles  of  the 
charged  and  discharged  coatings  treated  at  700  °C  for  4  h  (Fig.  8) 
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Fig.  9.  XPS  surface  analysis  of  Ti2p,  Lils,  Ols,  FIs  and  Cls  of  pristine,  charged  and  discharged  coatings  treated  at  700  °C  for  4  h. 
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also  show  a  homogeneous  distribution  of  elements,  although 
somevariations  can  be  observed  as  a  consequence  of  the 
discharge-charge  process.  The  location  of  the  lithium  titanium 
oxide  layer/gold  layer  and  gold  layer/quartz  substrate  interfaces  can 
be  approximately  determined  by  the  intersection  of  the  corre¬ 
sponding  lines.  A  greater  amount  of  lithium  is  evident  in  the  dis¬ 
charged  sample,  in  accordance  with  previously  observed  RBS 
results.  Also,  it  is  possible  to  observe  the  presence  of  the  outermost 
thin  layer  with  an  increased  Li  concentration  together  with  a  Ti 
reduction. 

However,  in  order  to  perform  a  more  meticulous  analysis  of  the 
surface  composition,  a  surface  XPS  study  of  pristine,  charged  and 
discharged  coatings  treated  at  700  °C  for  4  h  was  performed  (Fig.  9). 
The  Ti2p  signals  indicate  that  pristine  and  charged  curves  are 
similar  to  each  other  compared  with  the  discharged  curve.  This 
behavior  is  consistent  with  the  fact  that  the  pristine  sample  is 
initially  charged.  The  signals  present  a  Ti2p3/2  peak  centered  at 
around  459.4  eV  and  a  Ti2pi/2  peak  at  464.8  eV,  near  to  those 
observed  for  Ti02,  indicating  that  the  oxidation  state  of  the  Ti 
cations  is  mainly  Ti(IV).  The  presence  of  a  peak  at  457.5  eV  can  be 
associated  with  the  presence  of  the  Ti(III)  oxidation  state.  Although, 
this  is  only  a  surface  analysis,  it  is  possible  to  observe  a  lower  Ti4+/ 
Ti3+  rate  for  the  discharged  sample,  according  to  the  insertion  of 
lithium  ions  in  the  spinel  structure  [13,24].  Signals  from  Lils,  Ols, 
FIs  and  Cl s  indicate  the  presence  of  LiF  and  Li2C03  in  the  outermost 
layer  [25,26].  The  amount  of  F  is  higher  in  the  case  of  the  discharged 
sample,  and  absent  in  the  case  of  the  pristine  sample  because  the 
latter  has  not  been  in  contact  with  the  electrolyte.  A  higher  amount 
of  lithium  carbonate  is  presented  in  the  pristine  sample  as  can  be 
observed  by  the  peaks  in  the  Ols  and  Cls  curves. 

4.  Conclusions 

Cracked-free  film-shaped  spinel  LUTisO^  electrodes  with 
thickness  around  110  nm  were  synthesized  by  sol— gel  using  tita¬ 
nium  isopropoxide  and  lithium  acetate.  Rutile  Ti02  is  only  detected 
in  the  coatings  treated  at  700  °C  using  grazing  incidence  X-ray 
analysis.  XPS  and  TOF-SIMS  depth  profiles  of  the  coating  show 
a  homogeneous  distribution  of  Si,  O,  Ti  y  Li,  with  an  increase  of 
lithium  content  together  with  a  reduction  of  titanium  concentra¬ 
tion  at  the  surface. 

Electrochemical  characterization  of  the  coatings  shows  a  couple 
of  anodic  and  cathodic  sharp  peaks  between  1.5  and  1.6  V  (vs.  Li+/ 
Li),  characteristic  of  electrochemical  lithium  insertion/extraction  of 
Li4Ti50i2.  Charge-discharge  curves  presents  the  typical  plateau  at 
around  1.55  V,  although  a  rather  large  irreversible  capacity  was 
observed  at  the  first  cycle,  may  be  due  to  the  growth  of  a  surface 
layer  on  the  film  surface.  Larger  capacity  and  good  reversibility  in 
the  sample  heat-treated  at  600  °C  can  be  attributed  to  high  crys¬ 
tallinity  of  Li4Ti50i2  and  phase  purity  of  the  film. 

It  was  necessary  to  incorporate  an  outermost  thin  layer  in  the 
RBS  simulation  to  adjust  properly  the  total  spectrum.  This  thin  layer 


mainly  shows  Li  and  0  with  a  small  amount  of  Ti,  and  a  consider¬ 
able  amount  of  F  due  to  the  electrolyte  diffusion.  RBS  analysis 
provides  a  composition  close  to  Li4TisOi2  in  the  case  of  the  pristine 
and  charged  samples,  and  Li7Ti50i2  for  the  discharged  sample. 
Surface  XPS  study  confirms  the  presence  of  an  outermost  layer 
containing  LiF  and  Li2C03. 
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